Abstract: Cross-section of multi-layer InAs/GaAs quantum dot heterostructure has been characterized using scanning capacitance microscopy to investigate dopant incorporation into quantum dots. Simulation of the corresponding band structure is used to better understand the experimental results.
A complex InAs/GaAs QD heterostructure was designed and grown on a semi-insulating (100) GaAs substrate by solid source molecular beam epitaxy (MBE) using a Riber 2300 system and standard growth techniques [8] . The complex structure includes six single QD layers with different doping schemes and doping concentrations, one vertically-coupled double QD layer, and one vertically-coupled quadruple QD layer. A thick (1000 nm) GaAs cap layer was finally grown on the structure to protect the QDs from damage during the cleaving process. In this abstract, we only focus on the doping study of the six single QD layers, and the scanning images only show this corresponding region. A schematic diagram of the heterostructure for the bottom six QD layers is shown in Fig. 1 . The bottom three dot layers were directly-doped in the InAs QDs, while the top three dot layers were remotelydoped 2 nm above the InAs QD layer (over 4 nm of GaAs). The nominal doping concentrations for both the bottom and top three QD layers are 12, 6, and 2 electrons per dot from bottom to top, respectively. After MBE growth, the sample was cleaved and etched for 15 seconds using 1:40 (volume) hydroxylamine (30 % wt.) and H 2 O 2 (35 % wt.) [9] . A Veeco NanoScope V scanning probe microscope was used to conduct cross-sectional SCM in this experiment. Fig. 2 shows an atomic force microscopy (AFM) image of the etched cross-section of the QD heterostructure. The contrast in the cross-sectional AFM image results from different etching rates for different materials. The InAs QD layers and the 120 nm GaAs spacer layers can be clearly observed from the AFM image, which is used for comparison to the SCM-generated images. However, the etching rate of bottom GaAs buffers might be affected by the Al 0.5 Ga 0.5 As marker layer, since the bottom GaAs buffer layers have a different etching rate compared to the subsequent GaAs spacer layers. The cross-sectional SCM measurements were carried out on the cleaved-and-etched sample surface, using the native oxide as a thin insulator and diamond-like-carbon-coated Si cantilevers (Veeco MPP-21150) with a spring constant of 3 N/m. The measurements were performed under dark conditions in the dC/dV mode with a 2 V DC bias voltage and a 0.15 V AC modulation voltage with 45 kHz modulation frequency. In Fig. 3 , the SCM image shows a strong SCM signal for the third (2 electrons per dot, direct-doping) and fourth (12 electrons per dot, remote-doping) QD layers. The intensity of the SCM signal should be proportional to local carrier concentration. However, the bright SCM signal appearing at the position of the third QD layer with a low doping concentration of two electrons per dot contradicts this expectation. As an initial approximation, a simplified 1D band structure simulation has been performed on the InAs/GaAs heterostructure using Nextnano 3 semiconductor nanostructure simulator package [10] . In Fig. 4 , the simulated band structure shows that remote doping in the upper three QD layers can cause strong band bending in the middle of the heterostructure. Therefore, excess electrons doped in the bottom three, directly-doped QD layers are drained to the center of the structure due to the band bending, resulting in the strong SCM signal for the third dot layer.
Thus, we have demonstrated that by characterizing QD heterostructures featuring different direct-and remotedoping schemes, a comprehensive picture of dopant incorporation in QDs can be obtained experimentally using the SCM technique. Simulation of the bandstructure can be used to verify the experimental results, leading to better understanding of doping in QD structures. Such information is extremely important in optimizing the doping techniques used during MBE growth of QDIPs in order to enhance device performance. A more detailed analysis of the cross-sectional SCM experiment and the corresponding simulation results will be presented at the conference. A portion of this research was conducted at the Center for Nanophase Materials Sciences, which is sponsored at Oak Ridge National 
